Abstract-Polybrominated diphenyl ether (PBDE) flame retardants have become distributed ubiquitously in the environment. High concentrations have been reported in U.S. sewage sludge (biosolids). The burgeoning practice of land-applying biosolids as fertilizer creates an avenue for reintroduction of PBDEs to surface waters and aquatic sediments. Bioavailability of biosolids-and sedimentassociated PBDEs was assessed using the freshwater oligochaete, Lumbriculus variegatus. Oligochaetes were exposed to composted biosolids (1,600 ng/g total PBDEs) and artificial sediment spiked with penta-and deca-brominated diphenyl ether (BDE) formulations (1,300 ng/g total PBDEs). Uptake (28-d exposure) and depuration (21 d) of eight congeners were studied. Polybrominated diphenyl ethers in both substrates were bioavailable, but bioaccumulation was 5 to 10 times greater from spiked artificial sediment. The congeners BDE 47 and BDE 99 were the most prevalent congeners in oligochaetes after exposure. Congener BDE 47 was more bioaccumulative, possibly due to the threefold greater depuration rate of BDE 99. Bioaccumulation of penta-and hexa-brominated congeners appeared to be affected more strongly by substitution pattern than degree of bromination. Uptake of BDE 209, the dominant congener in deca-BDE, was minimal. Accumulation of certain PBDE congeners from biosolids and sediments by benthos provides a pathway for transfer to higher trophic levels, and congener discrimination may increase with each trophic transfer.
INTRODUCTION
Polybrominated diphenyl ethers (PBDEs) are common flame retardants in polyurethane foam, plastics in electronics and other electrical equipment, and certain textiles. The PBDEs are classified as additive flame retardants because they are not bonded chemically to the polymer matrix [1] . The PBDEs structurally are similar to both polychlorinated biphenyls (PCBs) and polybrominated biphenyls and the same naming approach is used for all three classes of compounds. Although there are 209 possible PBDE congeners, the number encountered is far fewer due to the ortho/para-directing influence of the ether oxygen and the volume of the bromine atoms. Three commercial PBDE formulations are produced. Penta-BDE primarily is used in polyurethane foams common in padded furniture and is a mixture of tri-through hexa-brominated diphenyl ethers. Octa-BDE is used in thermoplastics and is composed of hexa-through nona-brominated diphenyl ethers. Deca-BDE is used in thermoplastics and is applied to upholstery in a latex backcoating. This formulation is 97 to 98% decabromodiphenyl ether (i.e., BDE 209 [2] ).
The annual worldwide consumption of PBDEs increased from 40,000 metric tons in 1992 to 67,000 metric tons in 1999 [2, 3] . Demand in 1999 and 2001 was similar. Deca-BDE accounted for approximately 83%, penta-BDE approximately 11%, and octa-BDE less than 6% of the total PBDE consumption. Notably, North America accounted for approximately 95% of total penta-BDE usage. Concerns about environmental effects and secondary human exposure led the European Commission to ban the production and use of penta-* To whom correspondence may be addressed (sxcipari@gw.dec.state.ny.us).
BDE and octa-BDE in 2003 [4] . Recently, the only manufacturer of penta-BDE and octa-BDE in the United States announced a voluntary end to the manufacture and sale of these formulations by the end of 2004 [5] . No restrictions on the production and usage of deca-BDE, the most heavily used PBDE product, have been legislated.
The log octanol/water partition coefficient (K ow ) of PBDE congeners increases as bromine content increases and values range between 4.87 and 9.97 for individual tetra-through decabrominated diphenyl ethers [1, 2] . Accumulation of PBDEs in the tissues of both marine and freshwater organisms has been reported widely [6] [7] [8] and concentrations up to 47,900 ng/g lipid total PBDEs have been documented in freshwater fish [9] . Of the congeners typically reported in wildlife, tetrathrough hexa-BDEs are the most bioaccumulative. In North America, concentrations of these congeners are increasing in aquatic organisms and have exceeded or may soon surpass concentrations of PCBs in some regions [8, 9] . In vitro toxicological studies have indicated that hydroxylated metabolites of lower brominated PBDEs can compete with the thyroid hormone thyroxine for binding to the transport protein transthyretin [10] . Interference with the thyroid hormonal system is of particular concern due to its important role in neurodevelopment. Preliminary studies using neonatal mice have suggested that certain components of the penta-BDE commercial mixture and BDE 209 may have neurotoxic effects similar to PCBs [11, 12] . The toxicity of PBDEs to organisms in the environment requires further study.
The direct source of PBDEs in aquatic environments is unclear. One potential mechanism for introduction of PBDEs to the environment is the disposal of sewage sludge through land application. In the United States, over half of the sewage sludge generated is applied to land, equal to approximately four million dry tons in 1998 [13] . Much of this land is agricultural. Stabilized sewage sludge, or biosolids, destined for land application are regulated based on specified levels of metals and pathogens. To date, these regulations do not include any organic contaminants. This partly is based on the premise that concentrations of organic pollutants are low in sewage sludge and are decreasing further, due to existing regulations restricting their use. Nonetheless, biosolids samples from four regions of the United States were found to contain high concentrations of PBDEs [14] . Total tetra-through hexa-BDE concentrations were between 1,100 and 2,290 g/kg dry weight and consistently were high, regardless of source location or method of sludge processing. Congener BDE 209 also was detected but concentrations varied greatly from site to site, ranging from 85 to 4,890 g/kg dry weight. The application of biosolids to the soil creates the potential for PBDE transport to surface waters by runoff, aeolian transport, or in cases of misapplication. Because PBDEs are hydrophobic, concentrations in suspended solids and sediments are expected to be much greater than those in the water column. Although a strong correlation has not been established yet between biosolids and PBDEs in aquatic environments, PBDEs have been detected in aquatic sediments, suspended solids, and suspended particulate matter in effluents of sewage treatment plants, which essentially is dilute sewage sludge [15] .
Sediment-associated PBDEs potentially are bioavailable to benthic organisms and bioaccumulation can occur via overlying water, pore water, and ingested sediment. Bioaccumulated contaminants subsequently can be transferred to higher trophic levels. Few studies have investigated PBDE body burdens in benthic organisms. Leppänen and Kukkonen [16] recently determined that two PBDE congeners, BDE 47 and 99, were bioavailable to aquatic oligochaetes from spiked sediment. However, the relative bioavailability of other congeners and the bioavailability of biosolids-associated PBDEs to benthic organisms requires further study, due to expanding use of biosolids as fertilizer, increasing PBDE burdens in the environment, and the potential for PBDEs to persist in sediments long after cessation of their manufacture.
The bioavailability of PBDEs associated with biosolids and sediment to benthic organisms was assessed using the aquatic oligochaete Lumbriculus variegatus (Annelida: Oligochaeta: Lumbriculida: Lumbriculidae). Bioaccumulation kinetics of eight PBDE congeners were compared between worms exposed to either biosolids or PBDE-spiked sediment, allowing comparison of PBDE uptake between a simple and a complex matrix. Uptake and elimination were compared between the different PBDE congeners in order to assess the potential for preferential uptake of specific congeners at lower trophic levels.
MATERIALS AND METHODS

Organisms
Adult L. variegatus (Aquatic Research Organisms, Hampton, NH, USA) were cultured under static conditions in 1 to 2 cm of sand substrate, aerated well water (20-22ЊC, pH 8, alkalinity 100 mg/L, hardness 115 mg/L), and a 15:9-h light: dark photoperiod. Each aquarium received 1 to 1.5 g of trout chow twice per week. Aquarium water was changed on the day after feeding. Under these culture conditions, the biomass of L. variegatus doubled approximately every 30 d.
Substrates
Test substrates were chosen based on small-scale preliminary experiments designed to determine the tolerance limits of L. variegatus [17] . Composted Class A biosolids were purchased from a local nursery and sieved (2-mm mesh), homogenized, and stored in sealed buckets at 4ЊC before use in experiments. Subsamples were analyzed for total organic carbon (TOC) and concentrations of eight PBDE congeners: BDE 49 (2,2Ј,4,5Ј-TeBDE), BDE 47 (2,2Ј,4,4Ј-TeBDE), BDE 100 (2,2Ј,4,4Ј,6-PeBDE), BDE 99 (2,2Ј4,4Ј,5-PeBDE), BDE 85 (2,2Ј,3,4,4Ј-PeBDE), BDE 154 (2,2Ј,4,4Ј,5,6Ј-HxBDE), BDE 153 (2,2Ј,4,4Ј5,5Ј-HxBDE), and BDE 209.
Artificial sediment (69% sand, 15% peat moss, 15% kaolin clay, 1% dolomite) was used as reference sediment [17] . The peat moss was hydrated and then mixed with the sand, clay, and dolomite on a dry-weight basis. The sediment was stored in glass jars at 4ЊC before use. Subsamples were analyzed for TOC. Background PBDE concentrations were below detection limits.
Sediment spiking
Artificial sediment with a composition identical to the reference sediment also was amended with known concentrations of selected PBDE congeners and used as an exposure medium. Target concentrations, based on concentrations determined in the composted biosolids, were 1,500 ng/g total tetra-through hexa-BDEs (commercial penta-BDE product DE-71, Great Lakes Chemical, IN, USA) and 500 ng/g BDE 209 (97% purity, Fluka Chemika, Buchs, Switzerland) on a dry-weight basis. DE-71 primarily is composed of BDE 47 (28%), 100 (8%), 99 (55%), 85 (2%), 154 (3%), and 153 (4%).
Artificial sediment was spiked with the PBDE congeners by coating the sand fraction with a hexane solution of DE-71 (12 g/ml) and BDE 209 (4 g/ml). Hexane was removed by air-drying. Aliquots were analyzed to verify PBDE congener concentrations before the sand was mixed with the other sediment constituents. The artificial sediment was then constituted as described previously. Prior to use, the spiked artificial sediment was stored for six weeks at 4ЊC to allow the spiked PBDEs to redistribute within the matrix. Subsamples of the spiked artificial sediment were analyzed before and after aging for TOC and PBDE concentrations. The extractable concentrations of all PBDE congeners decreased 25 to 45% between initial spiking and the end of the aging period.
Bioaccumulation assay
Exposures of L. variegatus were conducted following the United States Environmental Protection Agency guidelines for a 28-d sediment bioaccumulation test [17] . The kinetic experiment included four sampling times for uptake during the 28-d exposure interval and three for depuration after this exposure period. For each of the uptake sampling intervals, three replicate chambers were tested for each of the three substrates. For each of the depuration sampling intervals, three replicate chambers of biosolids and spiked artificial sediment and one of reference artificial sediment were tested.
Substrates (1 L) were distributed into 4-L glass jars 2 d before adding organisms (day Ϫ2). Exposure jars were arranged randomly and 3 L of well water was siphoned into each jar on the day before adding organisms (day Ϫ1). Subsamples from each treatment were collected on day 0 for determination of PBDE congener concentrations. Approximately 2.8 g (Ϯ0.2 g) of wet worms (200-300 organisms) were transferred into each test jar on day 0. Experimentally determined percent water content was used to estimate the dry weight of worms added to each jar. Ten samples of worms (2.6-3.0 g each) were collected from the cultures on day 0 and analyzed for background PBDE levels. The culture substrate and trout chow also were analyzed. Neither contained detectable concentrations of PBDEs.
During the exposure, a flow-through system delivered filtered (1 m), heated (21ЊC), aerated, well water to individual jars 5 cm above the substrate surface and excess water flowed out of the top. The delivery rate was 5 to 7 ml/min, which resulted in renewal of the overlying water twice per day. Overlying water was aerated in each jar via airlines equipped with glass Pasteur pipettes.
Oligochaete burial and the general condition of the test system were evaluated daily. L. variegatus were removed from the exposure substrates for analysis of PBDE uptake on days 7, 14, 21, and 28 of the bioaccumulation assay. Upon removal, worms were cleaned of debris and placed in aerated well water for 21 h to allow clearance of gut contents. Observations during preliminary experiments indicated that 20ϩ h were required for the majority of worms to eliminate completely the biosolids contained in their guts. After the purge period, L. variegatus were cleaned of debris, transferred to tared weigh pans, blotted dry, weighed, and frozen. The total dry weights of worms retrieved from each jar later were used for comparisons between substrate treatments and sampling days. For the depuration portion of the study, L. variegatus were removed from substrates in all remaining jars on day 30, as per the uptake phase of the study. Ideally, all worms would have been removed on day 28, but this was not possible due to the laborious nature of sample processing. Once isolated, L. variegatus were cleaned of debris and transferred to 4-L jars containing 100 ml of clean sand. The jars were placed into the flow-through system under the previously described conditions. Worms were fed a supplementary diet of 0.2 g trout chow per jar every 5 d. The three depuration sampling events occurred 5, 12, and 21 d after the worms were placed in clean sand. Lumbriculus variegatus were removed from the sand, placed in aerated well water for approximately 21 h to allow clearance of gut contents, and then cleaned, weighed, and frozen as described previously.
Chemical analysis
Worms and substrates were freeze-dried, weighed, and homogenized. Dried worm tissue (0.25-0.45 g) and substrates (5.0 g) were mixed with Na 2 SO 4 (30-35 g ) and spiked with a surrogate standard (PCB 204, Ultra Scientific, North Kingstown, RI, USA). Analytical blanks (50 g Na 2 SO 4 ) were processed concurrently with worm tissue and substrates. Samples were subjected to accelerated solvent extraction (Dionex ASE 200, Sunnyvale, CA, USA) [9] . Substrate extracts were purified on an Envirosep-size exclusion column (Phenomenex, Torrence, CA, USA) and the fraction of dichloromethane (5-ml/min flow rate) eluting between 15 and 24 min was collected. It was not necessary to subject worm extracts to this purification step because of the small amount of co-extracted lipids. All extracts were solvent exchanged to hexane and further purified using solid-phase extraction columns containing 2-g silica gel (International Sorbent Technology, Mid Glamorgan, UK) [9] . The second fraction, 6.5 ml of 60:40 hexane:dichloromethane, was collected, solvent exchanged to hexane, and spiked with the internal standards p-terphenyl and decachlorodiphenyl ether (Ultra Scientific, North Kingstown, RI, USA).
Congeners BDE 49, 47, 100, 99, 85, 154, and 153 in the purified extracts were separated, identified, and quantified on a gas chromatograph-mass spectrometer (GC-MS; Varian Saturn 2000 ion trap, Walnut Creek, CA, USA). Injections (1.5 l) were made into a splitless injector held at 330ЊC. The carrier gas was He. The GC was equipped with a 15-m DB-5 column (0.25-m film thickness, 0.33 mm i.d.; J&W Scientific, Folsom, CA, USA). Initial column temperature was held at 75ЊC for 1 min, programmed to 350ЊC at 10ЊC/min, and then held for 4.5 min. The MS was operated in full-scan electron ionization mode with a scan range of 50 to 650 m/z. Calibration with perfluorotributylamine was performed at the beginning of each sample queue. Area counts of tetra-through hexa-BDEs were determined by summing the areas of the two major ions (m/z) for each congener ( Five-point calibration curves were produced for each PBDE congener and PCB 204. The lowest quantification standard for all analyzed PBDE congeners was 40 ng/ml. The detector response was not linear at lower concentrations, although standards as low as 10 ng/ml could be detected. Resulting quantitation limits were approximately 8 ng/g for substrates and 85 ng/g for worm tissue. The latter limits were higher due to the small available sample size. Concentrations of PBDE congeners in each sample were corrected for percent recovery of PCB 204. Mean percent recoveries Ϯ one standard deviation were 92 Ϯ 9% for worm tissue and 92 Ϯ 16% for substrates.
Congener BDE 209 in the purified extracts was separated and quantified on a GC equipped with a halogen-selective electrolytic conductivity detector (Varian 3400, Sugar Land, TX, USA). The carrier gas was He and injections were 1.5 l on-column. The injector temperature was ramped from 95 to 350ЊC at 180ЊC/min and held for 10 min. The GC column was 15 m DB-5HT with a 0.1-m film thickness and 0.25 mm i.d. (J&W Scientific, Folsom, CA, USA). The initial column temperature was held at 120ЊC for 3 min, then ramped at 10ЊC/ min to 350ЊC and held for 10 min. The electrolytic conductivity detector reactor temperature was 950ЊC and the detector vent was open for 2.5 min after each injection to eliminate the solvent. Five-point calibration curves were constructed using standard solutions of BDE 209 (Fluka Chemika, Buchs, Switzerland) and decachlorodiphenyl ether. The lowest BDE 209 standard used for quantification was 95 ng/ml. Standards as low as 48 ng/ml could be detected at three times the system noise, but the detector response was not linear. Quantitation limits for BDE 209 were approximately 190 ng/g for worm tissue and 20 ng/g for substrates. Concentrations of BDE 209 were corrected for percent recovery of PCB 204, as described previously.
Data analysis
Concentrations of PBDE congeners in substrates and worm tissue are reported on a dry-weight basis. Lipid content of worm tissue was not determined due to the small available sample size. Student's t test was used for comparisons of PBDE congener concentrations between spiked artificial sediment and composted biosolids and for comparisons of regression coefficients of uptake and depuration curves. A one-factor analysis of variance (ANOVA) was used for comparisons of PBDE congener concentrations over time and for comparisons of percent TOC and dry weights of worm tissue between the exposure substrates. All statistical tests were conducted at the ␣ ϭ 0.05 level of significance. When significant differences were indicated by an ANOVA, pair-wise comparisons were made using Tukey's studentized range (honestly significant difference [HSD]) test. Depuration rate constants were determined for depuration phase data by linear regression of the natural log of the worm tissue concentrations (ln C worm ) on days 28, 35, 42, and 51 versus time. Linear regressions were performed only when concentrations remained above the quantitation limit for at least three sampling days. Regression results were fitted to the natural log-transformed first-order depuration model
where k 2 is the depuration rate constant (days Ϫ1 ) and b is the y-intercept. Theoretical times to reach 90% of steady-state tissue concentrations (t 90 ), based on the depuration rate constants, were calculated using the equation
Bioaccumulation factors (BAFs) were calculated by dividing the mean PBDE congener concentration in the worm tissue over the 28-d exposure period (ng/g dry weight) by that of the exposure substrate on day 0 (ng/g dry weight). A BAF was not calculated for congeners whose concentrations were below quantitation limits. Attempts to estimate uptake rate coefficients (k 1 ) were made by fitting the results of nonlinear regression of the uptake data to a first-order bioaccumulation model
where t ϭ time (days), C t ϭ concentration in worm tissue at time t (ng/g), C s ϭ concentration in substrate (ng/g), k 2 ϭ elimination rate constant (days Ϫ1 ), and k 1 ϭ uptake rate constant (ng/g worm/[ng/g sediment·d]). However, due to violations of assumptions and poorly described initial uptake, uptake data were a poor fit to the first-order bioaccumulation model for both substrate treatments and results are not presented here.
RESULTS
Substrates
Percent TOC was similar statistically between the three exposure substrates. Mean percent TOC values Ϯ standard error were 7.4 Ϯ 0.4% for reference artificial sediment, 7.3 Ϯ 0.3% for spiked artificial sediment, and 7.9 Ϯ 0.5% for composted biosolids.
Reference artificial sediment collected on days 0, 21, and 28 did not have detectable concentrations (Ͻ1 ng/g) of any of the measured PBDE congeners. Congener BDE 49 was not detected in the spiked artificial sediment on days 0, 21, or 28, but was quantifiable in the composted biosolids on all 3 d. Mean day 0 concentrations of all measured PBDE congeners except BDE 85 and 154 were significantly higher ( p Ͻ 0.05, t test) in the composted biosolids than in the spiked artificial sediment (Fig. 1) . Mean concentrations of all congeners in both substrates were similar statistically between days 21 and 28. For clarity, only differences between days 0 and 28 are presented here. Mean concentrations of BDE 47, 100, 154, 153, and 209 were similar statistically between days 0 and 28 in both the spiked artificial sediment and composted biosolids (Fig. 1) . For both substrates, mean BDE 85 concentrations were significantly higher on day 0 than on day 28 ( p Ͻ 0.01, ANOVA, Tukey's HSD). In the spiked artificial sediment, mean BDE 99 concentrations were significantly higher on day 0 than on day 28 ( p Ͻ 0.01, ANOVA, Tukey's HSD). However, mean BDE 99 concentrations were statistically similar between the 2 d in the composted biosolids.
Oligochaetes
In all substrate treatments, L. variegatus remained buried and were actively feeding on the substrate throughout the 28-d exposure. Dry weights of worms were significantly lower between days 0 and 7 ( p Ͻ 0.003, ANOVA, Tukey's HSD) in the reference artificial sediment and between days 0, 7, and 14 in the spiked artificial sediment ( p Ͻ 0.0001, ANOVA, Tukey's HSD; Fig. 2 ). Mean dry weights of worms exposed to composted biosolids were not significantly different throughout the 28-d exposure period. Comparisons of pooled mean dry weights of worms on days 14, 21, and 28, when all substrate treatments were stable, indicated significantly different dry weights between the three exposure substrates ( p Ͻ 0.0001, ANOVA, Tukey's HSD). Worms exposed to composted biosolids had the highest dry weights, followed by worms exposed to reference and spiked artificial sediment, respectively. During the depuration phase of the experiment, worms were fed a supplementary diet of trout chow, and there was a significant increase in mean dry weights between subsequent sampling days for worms removed from spiked artificial sediment ( p Ͻ 0.0001, ANOVA, Tukey's HSD) and worms removed from composted biosolids ( p Ͻ 0.0002, AN-OVA, Tukey's HSD).
Uptake of PBDEs
Lumbriculus variegatus exposed to reference artificial sediment did not have detectable concentrations (Ͻ20 ng/g) of any of the measured PBDE congeners on any of the sampling days. Brominated diphenyl ether 47, 100, and 99 were accu-Environ. Toxicol. Chem. 24, 2005 S. Ciparis and R.C. Hale mulated rapidly from both spiked artificial sediment and composted biosolids by L. variegatus, reaching maximum concentrations by the first day of sampling (day 7) following initiation of exposure (Fig. 3) . Mean concentrations of BDE 47, 100, and 99 in worms exposed to biosolids were not significantly different between sampling days, indicating that apparent steady state between uptake and elimination was achieved by day 7 of the 28-d exposure. However, in worms exposed to spiked artificial sediment there was a significant decrease in the concentrations of BDE 47, 100, and 99 between subsequent uptake phase sampling days ( p Ͻ 0.05, ANOVA, Tukey's HSD). Patterns of uptake over time were compared between substrates by linear regression of concentration versus time. Regression coefficients were significantly different between exposure substrates for BDE 47, 100, and 99 ( p Ͻ 0.01, t test). When the effect of time was removed by pooling tissue concentrations of each congener over all uptake phase sampling times, mean concentrations of BDE 47, 100, and 99 were significantly greater ( p Ͻ 0.001, t test) in worms exposed to spiked artificial sediment than in worms exposed to biosolids. Lumbriculus variegatus also rapidly accumulated BDE 85, 154, and 153 from the spiked artificial sediment, although concentrations were much lower than those of BDE 47, 100, and 99 (Fig. 4) . Mean concentrations were not statistically different between sampling days during the uptake phase of the exposure. Congeners BDE 85, 154, and 153 were detected in worms exposed to biosolids, but concentrations were below the quantitation limit (85 ng/g), and uptake could not be compared statistically between sampling days or substrates. Congener BDE 49 was detected in worms exposed to both spiked artificial sediment and composted biosolids, but concentrations were below the quantitation limit (85 ng/g) and were not included in data analysis.
Congener BDE 209 was not detected in worms exposed to biosolids. This congener was detected in worms exposed to spiked artificial sediment, but concentrations were below the quantitation limit (190 ng/g). Estimates of concentrations were used to assess relative bioavailability. The area count of BDE 209 in the lowest standard detected at three times the system noise (48 ng/ml) was compared to area counts of BDE 209 in extracts of worm tissue. Area counts were similar between all four sampling days of the 28-d exposure. The estimated mean concentration of BDE 209 in worm tissue on each sampling day was 80-ng/g dry weight. Thus, concentrations were at least 3 to 30 times lower than the concentrations of tetra-through . Values in parentheses represent ranges for BAFs, derived from absolute uncertainties. BAFs were calculated only for congeners whose concentrations were above the quantitation limit during the uptake phase of the exposure.
hexa-BDE congeners in worms exposed to spiked artificial sediment.
Depuration of PBDEs
Elimination of PBDEs was apparent in worms collected during the depuration phase of the study. Elimination rates appeared to be similar between substrate treatments, but different between PBDE congeners (Figs. 3 and 4) . Data fit the natural log-transformed first-order depuration model (0.80 Ͻ r 2 Ͻ 0.96). Regression coefficients (depuration rate constants, k 2 ) were significantly different from zero ( p Ͻ 0.0001) for BDE 47 and 99 in worms exposed to biosolids and for BDE 47, 99, 100 and 154 in worms exposed to spiked artificial sediment (Table 1) . Depuration rate constants determined for BDE 47 and 99 were not statistically different between L. variegatus exposed to the two different substrates. The depuration rate constants determined for BDE 99 were nearly three times greater than for BDE 47 in worms from both exposure substrates, and the calculated 99% confidence intervals did not overlap. Depuration rate constants were similar between BDE 47, 100, and 154 for worms exposed to spiked artificial sediment and there was overlap of the calculated 99% confidence intervals for the three rate constants. Based only on depuration rate constants, the estimated times to reach 90% of steadystate tissue concentrations were 25 d for BDE 99 and 75 d for BDE 47, 100, and 154.
Bioaccumulation factors
Due to the decrease in PBDE body burdens over time in worms exposed to spiked artificial sediment, worm tissue concentrations were averaged over the 28-d exposure in order to provide a best estimate of BAFs. Concentrations also were averaged over the 28-d exposure for worms exposed to composted biosolids, but the effects of averaging were minimal because concentrations were not significantly different between sampling days.
Bioaccumulation factors were calculated for BDE 47, 100, and 99 in worms exposed to biosolids and for BDE 47, 100, 99, 85, 154, and 153 in worms exposed to spiked artificial sediment ( Table 1 ). The BAFs for BDE 47, 100, and 99 were five to ten times higher for worms exposed to spiked artificial sediment than for worms exposed to biosolids. For both exposure substrates, BAFs were two times higher for BDE 47 than for BDE 99. The absolute uncertainty was calculated for each BAF value using the error associated with the mean PBDE congener concentrations in both worm tissue and substrates [18] . This value was then used to determine a range for each BAF value. For worms exposed to biosolids, the ranges of calculated BAF values were very small and did not overlap between BDE 47, 100, and 99. For worms exposed to spiked artificial sediment, BAFs for BDE 47, 100, and 154 ranged between 6 and 12 and BAFs for BDE 99, 85, and 153 ranged between 3 and 6. Thus, in terms of BAFs, there was apparent similarity within and a twofold difference between these two arbitrary groups of PBDE congeners.
DISCUSSION
Comparisons between exposure substrates
Tetra-through hexa-BDEs were bioavailable to L. variegatus from both spiked artificial sediment and composted biosolids. Despite the higher PBDE concentrations in the composted biosolids, bioaccumulation was significantly greater from the spiked artificial sediment. This illustrates that chemical measurements of contaminants in sediment do not always reflect the fraction that is bioavailable to benthic organisms, even when TOC is considered [19] . The patterns of PBDE uptake by L. variegatus over time also were significantly different between the spiked artificial sediment and the composted biosolids. Regardless of the route of uptake, accumulation of contaminants by benthic organisms is regulated in part by contaminant-sediment interactions, such as adsorption and desorption [20] . Sediment characteristics that affect the sorptive strength of the contaminant to sediment particles will affect the tendency for desorption into pore water and/or digestive fluids. In this study, both overall PBDE bioaccumulation and patterns of uptake over time by L. variegatus likely were affected by differences in the characteristics of the exposure substrates, such as organic matter composition, duration of contact between PBDEs and substrate particles, susceptibility to changes in partitioning of PBDEs within the matrix, and the original source of PBDEs to the substrates.
Although percent TOC was not significantly different between the spiked artificial sediment and composted biosolids, the sources of organic matter differed. The organic matter source for the spiked artificial sediment was peat moss and the composted biosolids consisted of sewage sludge mixed with wood chips and recycled paper. Sewage sludge organic matter primarily is composed of microorganisms and human excreta, a complex mixture of digestion byproducts. Organic material also can enter the sewage treatment process from consumer products, street runoff, and industrial effluents. Sediments with the same amount of organic carbon, but different organic matter sources, can have significantly different tox-922 Environ. Toxicol. Chem. 24, 2005 S. Ciparis and R.C. Hale icities to organisms due to the effects of both molecular structure and surface area on the sorption of contaminants [21] . The organic matter composition of the biosolids may have provided greater sorption capacity for PBDEs and resulted in lower bioavailability relative to the spiked artificial sediment. The duration of contact between substrate particles and PBDEs was another difference between the two exposure substrates. The PBDE-spiked artificial sediment was aged for six weeks before use in the bioaccumulation assay. The duration of contact between PBDEs and the composted biosolids probably was much longer, including the processes of anaerobic digestion and windrow composting and the packaging, delivery, and storage of the final commercial product. Contaminants can become more tightly bound to sediment particles with increased contact time, resulting in a decreased potential for desorption and subsequent uptake by organisms [20, 22] . In the present study, the greater aging of the composted biosolids may have resulted in tighter binding of the PBDEs to substrate particles and lower bioavailability relative to the spiked artificial sediment.
Shorter contact time between PBDEs and the substrate matrix may have resulted in greater changes in PBDE partitioning in the spiked artificial sediment than in the composted biosolids during the 28-d exposure. This may have been exacerbated by the initial application of PBDEs to the low organic carbon sand component of the artificial sediment. Gradual sorption of the PBDEs to a slowly reversible particle pool would have resulted in a decreased potential for desorption into pore water and/or digestive fluids and subsequent flux into L. variegatus [23, 24] . Landrum and Robbins [19] suggested that it might take years for the fraction of contaminant residing in the readily reversible and resistant particle pools to achieve steady state. Thus, a change in PBDE partitioning within the spiked artificial sediment matrix might have contributed to the decline in PBDE body burdens of L. variegatus over the uptake phase of the exposure.
The apparent decrease in the bioavailability of both BDE 47 and 100 to L. variegatus from the spiked artificial sediment over the course of the 28-d exposure, as indicated by the decline in body burdens, was not reflected in the chemical analysis of the sediment during the exposure. Previous research has indicated that bioavailability may decline up to an order of magnitude faster than chemical extractability [25] . Uptake by organisms is regulated by solubilization of the contaminant by water and digestive fluids. In contrast, rigorous laboratory extraction utilizes nonpolar solvents and elevated temperatures to solubilize hydrophobic organic compounds. Thus, subtle changes in the strength of association of contaminants with sediment particles likely will affect bioavailability before solvent extractability.
In contrast to BDE 47 and 100, the measured BDE 99 concentration in the spiked artificial sediment was significantly lower on day 28 than on day 0. This did not affect the overall BAF. The BAF calculated using the sediment concentration for day 28 was within the range associated with the BAF calculated using the day 0 sediment concentration. However, the decrease in substrate BDE 99 concentrations over the course of the exposure is intriguing. The extractable concentration of BDE 99 also decreased over the six-week aging period before the bioaccumulation assay. It is likely that the process causing this decrease continued during the exposure. The binding strength of BDE 99 to the sediment may have been increasing over time, but the reason for differential partitioning of BDE 99 relative to the other congeners is unclear. It also is possible that degradation of BDE 99 occurred in the sediment, but substrates were not analyzed for potential PBDE metabolites. Interestingly, the extractable concentration of BDE 99 in the composted biosolids did not exhibit a similar decrease over time.
In both substrates, the extractable concentration of BDE 85 was significantly lower on day 28 than on day 0. However, bioaccumulation of BDE 85 could be assessed only for worms exposed to spiked artificial sediment and worm tissue concentrations were not significantly different over time. As for BDE 99, the process that caused the decrease in extractability of BDE 85 requires further investigation.
The original source of PBDEs to the substrates was another characteristic that differed between the spiked artificial sediment and the composted biosolids. In the former, the tetrathrough hexa-BDEs originated from a hexane solution of a commercial penta-BDE formulation (DE-71). In the composted biosolids, the PBDEs were inherent in the matrix, the input of PBDEs occurred before the sewage treatment process. The original source of PBDEs to the composted biosolids is unknown. However, PBDEs are integrated into polymeric materials during polymer formulation, and a substantial portion of the measured tetra-through hexa-BDEs may have been contained within a polymer matrix [26] . The main use of DE-71 is to flame-retard polyurethane foam. Foam plugs often are used in high-volume air samplers in order to trap hydrophobic contaminants, illustrating the retentive capacity of polyurethane for semivolatiles. In the composted biosolids, strong association of PBDEs with a polymer matrix may have decreased the potential for both desorption into pore water and/ or digestive fluids and changes in partitioning over the course of the 28-d exposure.
Organism behavior and physiological condition also can affect bioavailability and bioaccumulation kinetics. Worms remained buried throughout the 28-d exposure in both substrates. Reduced exposure due to sediment avoidance did not contribute to differences in overall accumulation or uptake over time. The dry weights of L. variegatus recovered from each treatment were used as a measure of their physiological condition. The initial decrease and subsequent stabilization of worm dry weights in both the reference and PBDE-spiked artificial sediments reflect the poorer nutritional conditions of these matrices relative to the culture conditions [23] . The dry weights of L. variegatus exposed to composted biosolids remained statistically similar during the uptake phase of the exposure. In addition, the significantly higher dry weights of worms exposed to composted biosolids suggests that this substrate was superior nutritionally to the artificial sediment. Nutritional conditions may have affected the lipid content of L. variegatus, but this was not measured due to the small available sample size. However, lipid content is expected to correlate with dry weight. The lipid content of worms exposed to the spiked artificial sediment may have decreased during the uptake portion of the exposure, potentially contributing to the apparent decrease in dry-weight-based PBDE body burdens over time. The apparent decrease in body burdens may have been eliminated by normalization to lipid content [23] .
For both exposure substrates, the applicability of the firstorder bioaccumulation model to the data was limited. The decrease in accumulation over time in worms exposed to spiked artificial sediment suggests a change in the bioavailable fraction of PBDEs. In addition, the significant weight loss of Flame retardant bioavailability from biosolids and sediment Environ. Toxicol. Chem. 24, 2005 923 these worms between days 0 and 14 indicates a physiological change in the organisms over time. Due to these changing conditions, the first-order bioaccumulation model could not be used to estimate uptake rate coefficients and kinetic BAFs. For worms exposed to composted biosolids, there was no apparent change in physiology or decrease in the bioavailable fraction of PBDEs, and steady-state concentrations appeared to be achieved by day 7 of the exposure. However, the linear portion of the uptake curve was not captured, and without sampling points between days 0 and 7, the shape of the uptake curve leading up to steady-state concentrations is uncertain. For BDE 47 and 99, initial uptake was not well described by the firstorder bioaccumulation model. This appears to be related to the calculated depuration rate constants. Estimated times to achieve 90% of steady-state concentrations were much longer than 7 d for both BDE 47 and BDE 99. These estimates were calculated using the depuration rate constants under the assumption that, as the depuration rate increases, the time required to achieve steady state between uptake and elimination decreases. An apparent disconnect exists between the predicted and measured times to achieve steady state; the depuration rate constants are too low to have allowed steady state to be achieved within the first 7 d of exposure. During the depuration phase of the study, the dry weights of worms from both substrate treatments increased significantly, likely due to the trout chow diet. A corresponding increase in the lipid content of the worms also may have occurred, and an increase in lipid content can decrease the measured depuration rates of hydrophobic compounds in invertebrates [27] . Thus, the calculated depuration rate constants may be underestimates. Normalization to lipid content might have enhanced the decrease in PBDE concentrations over time, resulting in higher depuration rate constants. Any effects of nutritional conditions were similar between the substrate treatments, as indicated by the statistically similar depuration rate constants for BDE 47 and 99 when compared between exposure substrates. Also, comparisons of depuration rate constants for individual PBDE congeners within a substrate treatment would not be affected by nutritional conditions.
Comparisons between individual PBDE congeners
The relative bioaccumulation of the different PBDE congeners by L. variegatus was similar between spiked artificial sediment and composted biosolids. Of the eight congeners studied, BDE 47 and 99 accumulated to the highest concentrations. For worms from both exposure substrates, the calculated BAF for BDE 47 was two times that for BDE 99. Other laboratory studies have reported both a higher biomagnification factor [28] and a higher uptake clearance rate [16] for BDE 47 relative to BDE 99. In the present study, the differential accumulation of BDE 47 and 99 resulted in a reversal of their relative abundances in L. variegatus compared to the exposure substrates. Different relative congener abundances in oligochaetes compared to sediment also have been observed for PCBs and polychlorinated alkanes [27, 29] . Differential bioaccumulation of congeners by benthic invertebrates likely will be reflected in higher trophic levels. For example, BDE 47 typically is the dominant congener reported in fish [7] [8] [9] , despite the fact that BDE 99 is the major congener in commercial penta-BDE formulations [8, 30] [2] . Sorption to sediment particles increases as K ow increases, resulting in a lower extent of desorption into interstitial water and lower assimilation efficiency from ingested particles [19] . Therefore, the amount of BDE 47 available for uptake via pore water and ingested sediment may have been greater than that of BDE 99. The depuration rates of BDE 47 and 99 also may have contributed to the difference in their bioaccumulation by L. variegatus. Depuration rate generally decreases with increasing K ow if passive diffusion is the dominant mechanism [19] . Despite greater hydrophobicity, BDE 99 was eliminated faster than BDE 47, perhaps due to biotransformation of this congener by L. variegatus. Leppanen and Kukkonen [16] recorded biphasic depuration of both congeners by L. variegatus, but concentrations of BDE 47 were higher than BDE 99 in the second compartment, which corresponds to the depuration period in the present study. The PBDE biotransformation capability of L. variegatus is unknown, but this species appears to be capable of metabolizing benzo[a]pyrene and chlorinated alkanes [27, 31] . Other species appear to be able to biotransform BDE 99. Laboratory-exposed blue mussels eliminated BDE 47 at a rate comparable to PCB congeners of similar hydrophobicity, but the elimination rate for BDE 99 was much faster than that of similar PCBs [32] . In common carp, the contribution of BDE 99 to the total PBDE body burden is anomalously low relative to other fish, suggesting that this congener is vulnerable to biotransformation in this species [9] . An in-laboratory feeding study supported this suggestion [33] . However, further study is needed to verify that biotransformation contributed to differential accumulation of BDE 47 and BDE 99 by L. variegatus.
The relative bioaccumulation of penta-and hexa-BDEs by L. variegatus appears to have been more dependent on the substitution pattern than on the degree of bromination. The BAF for BDE 100 exceeded the BAF for BDE 99 for worms from both spiked artificial sediment and composted biosolids, although the magnitude of the difference was greater for worms exposed to the former. A higher biomagnification factor for BDE 100 relative to BDE 99 also was observed in zebrafish exposed to PBDE-spiked food [28] . In the environment, BDE 99 and 100 are found at similar levels in many biota, even though the concentration of BDE 100 is much lower than BDE 99 in commercial penta-BDE formulations [7] [8] [9] . For worms exposed to spiked artificial sediment, calculated BAFs were higher for BDE 47, 100, and 154 than for BDE 99, 85, and 153. Both groups contain penta-and hexa-BDEs. A similar pattern was observed in carp exposed to PBDE-spiked food [34] . The studied penta-and hexa-BDEs have four bromines in the same position as BDE 47. Congeners BDE 99, 85, and 153 have additional substituents in meta-positions, though BDE 100 and 154 are ortho-substituted.
Substitution pattern appears to have affected elimination of the congeners by L. variegatus. The depuration rate constants for BDE 47, 100, and 154 were similar, but much lower than that of BDE 99. A bromine in the ortho-position may decrease the potential for elimination relative to a meta-substitution. A depuration rate constant could not be calculated for BDE 153, but elimination of this congener likely was similar to BDE 99. In blue mussels, elimination rates of BDE 153 and 99 were similar [32] . In addition, wild-caught common carp have lower body burdens of BDE 153 relative to other fish species, as observed for BDE 99 [9] . For the polychaete Neries diversicolor, biotransformation increased elimination rates of certain PCB congeners, and congener susceptibility to biotransformation appeared to be dependent on chlorine position [35] . Biotransformation of PBDEs has not been examined thoroughly, but the potential for enzymatic debromination has been suggested. Stapleton et al. [34] exposed common carp to PBDE-spiked food and suggested that debromination of BDE 99 and 153 contributed to an apparent high assimilation efficiency (Ͼ95%) of BDE 47. The debromination pathway BDE 153 to 99 to 47, would involve loss of bromines from metapositions 5Ј-and 5-, respectively. Studies of reductive dechlorination of PCB congeners in environmental samples have determined that susceptibility to dechlorination is greatest for meta-substituted and least for ortho-substituted congeners [36] .
The physical properties of BDE 209 probably contributed to the very low uptake by L. variegatus. The log K ow of BDE 209 has been reported to be as high as 9.97 [2] , suggesting that desorption from sediment particles is minimal. In addition, the very large molecular size of BDE 209 may impede its transport across cell membranes [37] . For rainbow trout exposed to spiked food, accumulation of BDE 209 in muscle tissue was very low [38] . Likewise, net bioaccumulation of BDE 209 was not observed in common carp exposed to spiked food [39] . However, lower brominated congeners, presumed to be biotransformation products, were present and their cumulative uptake was estimated to be 0.44% of the total BDE 209 exposure concentration. Congener BDE 209 typically is not found in aquatic biota samples, but trace concentrations have been observed in fish from areas with highly contaminated sediment [37] .
Congener BDE 49 was detected in L. variegatus from both substrate treatments, but concentrations were below the quantitation limit. The BDE 49 concentration in the composted biosolids was similar to BDE 85, 154, and 153 concentrations. These congeners also were observed, but not quantified, in worms exposed to this substrate. Congener BDE 49 was not detected in the spiked artificial sediment over the course of the exposure. Quantifiable concentrations in composted biosolids most likely resulted from either accumulation of a minor component of commercial penta-BDE formulations or debromination of another congener. Either explanation may account for the detection of BDE 49 in worms exposed to spiked artificial sediment, even though BDE 49 was not detected in the substrate. This congener has been reported in biota and appears to be bioavailable [8, 9] . However, the degree of bioavailability of BDE 49 to L. variegatus from spiked artificial sediment and composted biosolids could not be determined.
CONCLUSIONS
Results of this study illustrate that benthic organisms can provide a route for transfer of substrate-associated tetrathrough hexa-BDE congeners to organisms occupying higher trophic levels. Land-applied biosolids that enter aquatic environments either through runoff or misapplication may be a source of these congeners to benthic organisms. Discrimination of tetra-through hexa-BDE congeners can begin with benthic organisms at lower trophic levels and likely increases with each trophic transfer. Unlike components of the commercial penta-BDE formulation, substrate-associated BDE 209 does not appear to be readily bioavailable to benthic organisms.
